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Neuronal differentiationBax inhibitor-1 (BI-1), a member of the BI-1 family of integral membrane proteins, was originally identiﬁed as an
inhibitor of stress-induced cell death in mammalian cells. Previous studies have shown that the withdrawal of
leukemia inhibitory factor (LIF) results in differentiation of the majority of mouse embryonic stem (mES) cells
into various cell lineages, while some ES cells die within 3 days. Thus, to investigate the function of BI-1 in ES cell
survival and neuronal differentiation, we generated mES cell lines that overexpress BI-1 or a carboxy-terminal
BI-1ΔC mutant. Overexpression of BI-1 in mES cells signiﬁcantly increased cell viability and resistance to apoptosis
induced by LIF withdrawal, while the control vector or BI-1ΔC-overexpressing mES cells had no effect. Moreover,
overexpression of BI-1 produced signiﬁcant inhibition of the p38 mitogen-activated protein kinases (MAPK) path-
way in response to LIF withdrawal, while activity of the extracellular signal-regulated kinase (ERK)/c-Jun
N-terminal kinase (JNK) MAPK pathway was increased. Interestingly, we found that BI-1-overexpressing cells
showed higher expression levels of neuroectodermal markers (Otx1, Lmx1b, En1, Pax2, Wnt1, Sox1, and Nestin)
and greater neuronal differentiation efﬁciency than control or BI-1ΔC-overexpressing mES cells did. Considering
these ﬁndings, our results indicated that BI-1-modulated MAPK activity plays a key role in protecting mES cells
from LIF-withdrawal-induced apoptosis and in promoting their differentiation toward neuronal lineages.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Embryonic stem (ES) cells are pluripotent cells derived from the
inner cell mass of blastocysts and are characterized by their ability to
proliferate extensively and differentiate into various cell types derived
from the 3 germ layers of the embryo [1–6]. Thus, research on stem
cells or their derivatives has been proposed as a future therapy for var-
ious diseases. Similar towhat is observed in early in vivo embryonic de-
velopment, several signaling pathways and related transcription factors
play important roles in the regulation of cell survival and differentiation
of ES cells in vitro. Mouse ES cells are maintained in an undifferentiated
state in vitro by the presence of leukemia inhibitory factor (LIF). After
removal of LIF and the addition of appropriate factors to promote differ-
entiation, ES cells lose their pluripotency and differentiate into a variety
of cell types, including neurons, cardiac cells, skeletal muscle cells, and
adipocytes [7–9]. Under these conditions, a signiﬁcant proportion of
cells die by apoptosis. The key regulators that modulate apoptosis and
differentiation remain poorly understood; however, comprehension of
these regulators would improve the efﬁciency of targeted differentia-
tion into speciﬁc lineages [10].
The mitogen-activated protein kinase (MAPK) pathway is in-
volved in the regulation of a variety of cellular functions, including82 2 455 1044.
l rights reserved.proliferation, differentiation, apoptosis, and development [11]. In
mammalian cells, the MAPK family is comprised of 3 groups (c-Jun
N-terminal kinase; JNK, extracellular signal-regulated kinase; ERK,
and p38) that regulate the commitment of mES cells to mature into
differentiated cells. However, the role of MAPKs in differentiation is
complex and depends on multiple parameters. Neuronal differentia-
tion is efﬁciently triggered from embryoid bodies (EBs) or plated
mES cells treated with retinoic acid (RA) in the absence of serum
[12,13]. The activity of p38, which is decreased by RA treatment, is in-
volved in neuronal cell survival, differentiation, and growth [10]. During
heterogeneous differentiation of mES cells, a proportion of cells die via
apoptosis with concomitant activation of p38 and caspase-3 cleavage
[14]. In contrast, phosphorylation of JNK and ERK is induced after
apoptotic crisis in differentiated cells [14]. In particular, activation of
ERK is essential for early neuronal differentiation and survival of mES
cells [13]. Therefore, an improved understanding of the mechanism of
signal transduction and the regulation of downstream transcription fac-
tors during neuronal differentiation is critical.
Bax inhibitor-1 (BI-1) is an evolutionarily conserved integral mem-
brane protein that predominantly localizes to intracellular membranes
and was originally identiﬁed as an inhibitor of BAX-induced apoptosis
[15]. Previous studies have shown that BI-1 interacts with a broad
range of partners, including Bcl-2 and Bcl-xL, to inhibit many aspects
of apoptosis, such as growth factor deprivation, reactive oxygen species
(ROS) production, cytosolic acidiﬁcation, calcium level changes, and
2191K. Jeon et al. / Biochimica et Biophysica Acta 1823 (2012) 2190–2200endoplasmic reticulum (ER) stress signaling pathways [15–18]. The
ability of BI-1 to inhibit apoptosis initially enables the cell to adapt to
stress and maintain tissue homeostasis [19]. However, little is known
about the mechanism of BI-1 signaling or the potential downstream
transcription factors involved during mES cell differentiation.
In the present study, to investigate the function of BI-1 in the regu-
lation of apoptosis or neurogenesis, we generated mES cell lines that
overexpressedwild-type ormutant BI-1.We found that overexpression
of BI-1 inhibited apoptosis by suppressing activation of p38 duringmES
cell differentiation and promoted neuronal differentiation by regulating
activation of the ERK pathway.
2. Materials and methods
2.1. Cell culture
D3 mES (CRL-1934; ATCC) and BI-1- or BI-1ΔC-overexpressing
cells were maintained on feeder layers of mouse embryonic ﬁbro-
blast (MEF) cells treated with mitomycin C (Sigma, St. Louis, MO,
USA). ES cells were cultured at 37 °C, 5% CO2 in Dulbecco's modiﬁed
Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA) containing
4.5 g/L D-glucose, 0.1 g/L sodium pyruvate, and 0.8 g/L L-glutamine
and supplemented with 20% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA), 1% nonessential amino acids (NEAA; Sigma),
0.1 mM β-mercaptoethanol (Sigma), 50 U/mL penicillin, 50 μg/mL
streptomycin (Invitrogen), and 1000 U/mL LIF (leukemia inhibitory
factor, 1000 U/mL of ESGRO; Chemicon, Temecula, CA, USA).
2.2. Lentiviral infection
The lentiviral vector constructs used in our study contained a central
polypurine tract (cPPT), central termination sequence (CTS), promoter
region, a copGFP (copepod GFP) tag, and a woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) (Fig. 1A). BI-1ΔC, an
inactive BI-1 mutant [17,20,21], was prepared by deleting 9 amino
acids (EKDKKKEKK) from the C-terminal region of BI-1. For RNA inter-
ference of BI-1 expression, a double-stranded oligonucleotide was
designed according to a common Bi-1 sequence (target sequence:
5′-CCCCGUCAACGCAGCAGCA-3′) to allow formation of the hairpin
structure in the expressed oligo-RNA. Lentiviral vector particles were
puriﬁed from the supernatant of transiently transfected 293T cells.
The cell supernatant was collected 72 h post-transfection, ﬁltered
through polyethersulfonemembranes (0.45-μmpore size), and concen-
trated 120-fold by ultracentrifugation (50,000×g for 90 min at 4 °C).
The pellet was resuspended in cell culture medium and subsequently
added to mES cells. After 1 week of culture, the cells were centrifuged
and resuspended in PBS, and sorted by FACSVantage™ ﬂow cytometer
(Becton Dickinson). The sorted cells were maintained on feeder layers
of MEF cells treated with mitomycin C in 20% mES cell culture medium.
2.3. RT-PCR and quantitative real-time RT-PCR
Total RNAwas isolated using an easy-BLUE kit (Invitrogen), according
to the manufacturer's protocol. Three micrograms of total RNA was syn-
thesized into cDNA (Promega, Fitchburg, WI, USA) and subjected to PCR
ampliﬁcation with speciﬁc DNA primers (Table S1). PCR was carried out
with Hot-Start Taq polymerase (Finnzymes, Vantaa, Finland); the cycles
included an initial denaturation step of 95 °C for 15 min, followed by 30
ampliﬁcation cycles, each consisting of 95 °C for 30 s, 51–59 °C for
1 min, and 72 °C for 30 s, and, ﬁnally, an elongation step of 72 °C for
5 min. Quantitative real-time RT-PCR was performed with SsoFast
EvaGreen Supermix (Bio-Rad, Hercules, CA, USA); cycles consisted of an
initial denaturation step of 95 °C for 30 s, followedby 30 ampliﬁcation cy-
cles, each consisting of 95 °C for 5 s, 51–59 °C for 10 s, and 72 °C for 10 s.
Quantiﬁcation of gene expression was performed only in the linear range
of each primer pair. The ΔΔCTmethod [22] was used to quantify changesin the expression of each speciﬁc gene, using the housekeeping gene
Gapdh as the normalizer.
2.4. Flow cytometry analysis
For propidium iodide (PI) staining, cells were trypsinized,
washed in phosphate-buffered saline (PBS), and subsequently ﬁxed
in 70% ethanol. Fixed cells were stained with PI for 15 min at room
temperature in the dark. Analysis of sub-G0/G1 DNA content
(subdiploid cells) was performed using a FACScan ﬂow cytometer
and Cell Quest software (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). For FACS staining, single cell suspensions of differen-
tiating ES cells were obtained by dissociating cells using TrypLE
(Invitrogen). Differentiated cells were ﬁxed with 4% paraformalde-
hyde (PFA; Sigma), permeabilized with 0.5% Triton X-100 (Sigma),
and immunostained with speciﬁc antibodies. The primary antibodies
used were anti-KI-67 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-NESTIN (Abcam, Cambridge, UK) and anti-β-TUBULIN III
(TUJ-1, Sigma), and the secondary antibodies used were Cy
3-conjugated goat anti-mouse and Cy 5-conjugated goat anti-rabbit
(Jackson ImmunoResearch Labs, Inc., PA, USA). For multi-color ﬂow cy-
tometry analysis, cells were trypsinized, washed twice in PBS, and then
stained using the Multi-Color Flow Cytometry kit (R&D Systems,
Minneapolis, MN, USA), according to the manufacturer's protocol.
2.5. Apoptosis assay with annexin V/PI staining
The extent of apoptosis was evaluated by annexin V/PI staining
using the APO-DIRECT™ (Chemicon). Flow cytometry (FACS Calibur;
Beckton Dickinson) was used to determine the percentage of cells
displaying annexin V+ (early apoptosis) or annexin V+/PI+ staining
(late apoptosis).
2.6. Western blotting
To prepare whole cell extracts, cells were suspended in lysis buff-
er (1% Triton X-100; 100 mM Tris–HCl, pH 7.5; 10 mM NaCl; 10%
glycerol; 1 mM sodium orthovanadate; 50 mM sodium ﬂuoride;
1 mM p-nitrophenyl phosphate; and 1 mM phenylmethylsulfonyl
ﬂuoride). After incubation on ice for 30 min, lysates were centri-
fuged, and the concentration of protein in the supernatant was
determined using Bradford Protein Assay Reagent (Bio-Rad). Equi-
valent amounts of protein were subsequently separated on 10%–
15% SDS-PAGE gels and transferred to nitrocellulose membranes.
The membranes were blocked in 5% non-fat dry milk in
Tris-buffered saline and immunostained with primary antibodies
against HA, phospho-ERK1/2, β-ACTIN, phospho-p38 (Santa Cruz
Biotechnology, CA, USA), total-JNK, phospho-JNK, total-ERK1/2,
total-p38, and CASPASE-3 (Cell Signaling, Danvers, MA, USA). Mem-
branes were subsequently incubated with anti-mouse IgG-HRP or
anti-rabbit IgG-HRP (Santa Cruz) secondary antibodies and the spe-
ciﬁc bands were detected using an enhanced chemiluminescence
(ECL) kit (Amersham Bioscience, Piscataway, NJ, USA).
2.7. Alkaline phosphatase staining
Established mES cells, passaged 30 times in cell culture, were ex-
amined for stem cell marker expression by immunostaining for alka-
line phosphatase (AP), which was performed at room temperature
with an AP detection kit (Sigma), according to the manufacturer's
instructions.
2.8. In vitro spontaneous differentiation after LIF withdrawal
For differentiation of established mES cells into the 3 germ layers,
mES cells were cultured at 37 °C, 5% CO2 in 20% mES cell culture
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tion of chemical inhibitors in the appropriate experiment took place
when LIF was ﬁrst withdrawn from the media. PD98059 and
SB202190 were from Sigma.
2.9. Mature neuronal differentiation
For mature neuronal differentiation, we based on several direct
differentiation methods [23,24]. This neuronal differentiation was
carried out using the same number (3×104 cells/35 mm dish) of
mES cells derived from control, BI-1, or BI-1ΔC cultured on PLO/
LAM-coated plates in neuronal induction medium consisting of
DMEM/F12, N2/B27 supplement, and basic ﬁbroblast growth factor
(bFGF, 10 ng/mL, R&D Systems) for 5 days (Step 1). At day 5 of cul-
tures, 1 μM retinoic acid (RA, Sigma) and 500 ng/mL sonic hedgehog
(SHH, R&D Systems) were added to neuronal induction medium from
day 5 to day 12 (Step 2). On day 12, neuronal progenitorswere then cul-
tured in the presence of a mixture medium consisting of neurobasal
medium, N2 supplement, cAMP (cyclic adenosine monophosphate,
1 μM, Sigma), BDNF (brain-derived neurotrophic factor), GDNF (glial
cell line-derived neurotrophic factor), and IGF (insulin-like growth fac-
tor, 10 ng/mL, R&D Systems; Step 3). The neurons were cultured in the
differentiation media for one to two more weeks.
2.10. Immunocytochemistry
Cells were ﬁxed in 4% paraformaldehyde and permeabilized with
0.5% Triton X-100 for 10 min. After washing with PBS, cells were incu-
bated in 10% normal goat serum for 1 h to block non-speciﬁc binding.
Cells were subsequently incubated overnight at 4 °C with primary
monoclonal antibodies against SSEA-1 (stage-speciﬁc embryonic anti-
gen 1), AFP (alpha-fetoprotein, Santa Cruz), β-TUBULIN III (TUJ-1,
Sigma), and NESTIN (Abcam) or polyclonal antibodies against OCT-4
(octamer-binding transcription factor 4), NESTIN, BRACHYURY, MAP2
(microtubule-associated protein 2, all from Santa Cruz Biotechnology),
HOXB4 (homeobox B4, Sigma), HB9 (homeobox 9), CHAT (choline
acetyltransferase), and KI-67 (Abcam). Cells were then washed with
PBS and incubated for 1 h at room temperature with Cy 3-conjugated
goat anti-mouse and Cy 5-conjugated goat anti-rabbit (Jackson
ImmunoResearch labs) secondary antibodies. Finally, nuclei were
stained with 10 μg/mL DAPI (4′,6-diamidino-2-phenylindole, Sigma).
All images were captured on a Leica TCS SP5 II laser scanning confocal
microscope (Leica Microsystems, Germany).
2.11. Statistical analysis
Data were expressed in terms of the mean and standard error (SE).
Statistical signiﬁcance was determined by the unpaired Student's
t-test. Statistical analysis was performed using Origin software
(OriginLab Corporation, Northampton, MA, USA). All results were de-
rived from at least three independent experiments.
3. Results
3.1. Establishment and characterization of BI-1-overexpressing mES cells
Weanalyzed the level of endogenous Bi-1 expression inmES cells dur-
ing spontaneous differentiation using quantitative reverse transcriptionFig. 1. Establishment of BI-1- or BI-1ΔC-overexpressing mouse embryonic stem cell lines. (A
quantitative real-time PCR. Data are represented as the mean±S.E.M. from at least three i
(B) The lentiviral construct used to produce mES cell lines that overexpress BI-1 or BI-1Δ
panel) and ﬂuorescence microscopy (middle panel) of FACS-sorted BI-1- or BI-1ΔC-overex
ΔC-overexpressing mES cells that were cultured for 4 weeks is shown (lower panel). (D)
cell lines were analyzed by quantitative real-time PCR (left panel) and RT-PCR (upper-righ
with HA antibody used as a control (lower-right panel). ACTIN was used as a loading cont
iments. *Pb0.01 compared with the corresponding control values.(RT)-PCR and found that endogenous Bi-1 expression gradually increased
until day 5, but a remarkable decrease was detected on day 10 during
differentiation (Fig. 1A). Therefore, we generated BI-1- or BI-1ΔC-
overexpressing mES cells using lentiviral constructs, in which the Bi-1 or
Bi-1ΔC gene was linked to the copGFP selection marker and driven by
the constitutively active EF1a promoter (Fig. 1B). The copGFP-positive
cells were conﬁrmed by ﬂuorescent microscopy at approximately 72 h
post-infection, and then established stable cell lines after GFP-positive
cells were sorted using FACS. These cell lines formed compact colonies,
as observed by phase-contrast microscopy, and were GFP-positive, as
assessed by ﬂuorescence microscopy (Fig. 1C). Next, ﬂow cytometry
was used to analyze the expression of BI-1 or BI-1ΔC linked to copGFP
in the sorted mES cell lines. The percentage of cells expressing copGFP
was 90.65% for BI-1 and 94.83% for BI-1ΔC compared to 88.00% for paren-
tal control vector-infected mES cells (Fig. 1C). In addition, we performed
quantitative real-time RT-PCR using speciﬁc exogenous primers, showing
that Bi-1 (9.78±0.87) or Bi-1ΔC (10.56±0.77) in established mES cell
lines had markedly higher expression levels and conﬁrmed that
HA-tagged BI-1 or BI-1ΔC had similar expression levels in the respective
established stable cell lines by western blotting (Fig. 1D).
We determined the effect of BI-1 overexpression on self-renewal of
mES cells. BI-1- or BI-1ΔC-overexpressing mES cells were serially pas-
saged for at least 30 generations, showing similar colony morphology
to that of controlmES cells.We also did not detect any signiﬁcant differ-
ences in AP activity or in the expression of pluripotent stemcellmarkers
(OCT4 and SSEA-1) between undifferentiated control, BI-1, or BI-1ΔC
mES cells (Fig. 2A). Furthermore, RT-PCR analysis showed that mRNA
expression of pluripotent stem cell markers (Oct4, Sox2, Nanog, and
Fgf4) in BI-1 or BI-1ΔC mES cells was similar to that in control mES
cells (Fig. 2B). Flow cytometry data conﬁrmed the high expression
levels of OCT4, SSEA-1, and SOX2 markers in BI-1 and BI-1ΔC mES
cells, which were similar to the expression levels in control mES cells
(Fig. 2C), indicating that constitutive overexpression of BI-1 or BI-1ΔC
in mES cells did not have any signiﬁcant effect on self-renewal capacity
of the undifferentiated mES cells.
3.2. Overexpression of BI-1 reduces LIF withdrawal-induced apoptosis in
differentiating ES cells
Conventional growthmedium for mES cells is supplemented with
LIF, which provides pro-survival signals and maintains the
pluripotency of mES cells. To determine whether overexpression of
BI-1 protects mES cells from apoptosis induced by the removal of
LIF during differentiation, we initially passaged BI-1, BI-1ΔC, and
control mES cells in a medium containing LIF and after 1 day, the
cells were incubated in a medium without LIF. The frequency of apo-
ptosis in cells wasmeasured by ﬂow cytometry of PI-stained cells be-
tween 1 and 7 days, and an increased percentage of apoptotic cells
(sub G1) was detected for both control (23.34±2.0%) and BI-1ΔC
(23.1±1.5%) mES cells at 4 days after LIF withdrawal. In contrast,
BI-1-overexpression led to decrease in the LIF withdrawal-induced
apoptosis (10.09±2.0%). At 7 days after LIF withdrawal, more evident
reduction in apoptotic cell death was detected in BI-1-overexpressing
mES cells (17.07%), compared to that in control (41.75%) or BI-1
ΔC-overexpressing (38.37%) cells (Fig. 3A). We subsequently analyzed
the role of BI-1 during differentiation of mES cells in the absence of
LIF. We observed that on day 4 of differentiation, the proportion of
differentiating cells was much higher in BI-1-overexpressing mES) Endogenous Bi-1 level of mES cell during spontaneous differentiation was analyzed by
ndependent experiments. *Pb0.01 compared with the corresponding control values.
C contains the copGFP gene driven by the EF-1a promoter. (C) Phase-contrast (upper
pressing mES cells. The percentage of copGFP-expressing cells in control, BI-1, or BI-1
Expression levels of exogenous and endogenous Bi-1 or Bi-1ΔC in overexpressed mES
t panel). Expression of HA/BI-1 or HA/BI-1ΔC was conﬁrmed via western blot analysis
rol. Data are represented as the mean±S.E.M. from at least three independent exper-
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Fig. 2. Pluripotent state of established mES cell lines. (A) Pluripotent state of established mES cells demonstrating markers for AP activity, OCT4, and SSEA-1. Nuclei were stained
with DAPI; D3 mES cells were used as positive controls. (B) RT-PCR analysis of expression of ES cell marker genes in established mES cell lines. Primers for Oct4, Sox2, Nanog, and
Fgf4 speciﬁcally detected transcripts from endogenous genes. (C) Representative FACS analysis of the expression proﬁles of OCT4, SOX2, and SSEA-1 in established mES cell lines
and D3 mES cells. The scale bar represents 200 μm (AP) or 50 μm (OCT-4 and SSEA-1).
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ture (Fig. 3B). Staining of cells with annexin V (an early apoptosis
marker) showed that although BI-1-overexpressing mES cells dem-
onstrated a slightly higher apoptotic rate (2.54%) after 4 days of dif-
ferentiation than that of undifferentiated mES cells (1.06%; data not
shown), BI-1 overexpression led to signiﬁcantly lower levels of
apoptosis during differentiation compared to that of control or BI-1
ΔC-overexpressing cells. In fact, after 4 days of differentiation, the
percentage of apoptotic cells was signiﬁcantly higher in both control
(14.25%) and BI-1ΔC-overexpressing (21.26%) mES cells than that in
BI-1-overexpressing (3.9%) mES cells (Fig. 3B and Table S2).
Next, to determine the effect of BI-1 overexpression on early dif-
ferentiation of mES cells, we checked the expression of three germ-
speciﬁc markers after 4 days of differentiation using quantitative
RT-PCR and immunostaining. Overexpression of BI-1 did not affect
expression of early mesodermal (Brachyury and bone morphogenetic
protein 4; Bmp4) or endodermal (Afp and caudal type homeobox2;
Cdx2) markers, but quantiﬁcation RT-PCR and immunostaining clearly
showed that expression of ectodermal (Nestin and Tuj-1) markers in-
creased 2- to 2.5-fold in differentiated BI-1 mES cells more than incontrol or BI-1ΔC mES cells (Fig. 4A, B, and Supplementary Fig. S1).
Under these conditions, we found that expression of all the examined
neuroectodermal markers (orthodenticle homeobox 1; Otx1, LIM ho-
meobox transcription factor 1; Lmx1b, engrailed-1; En1, paired box 2;
Pax2, wingless-type MMTV integration site family member 1; Wnt1,
and SRY (sex determining region Y)-box 1; Sox1) and the multipotent
neural stem cell marker, Nestin [25,26] was markedly increased (2–7.5
fold) in BI-1-overexpressing mES cells compared to that of control or
BI-1ΔC-overexpressing cells (Fig. 4C). We next evaluated the effect
of BI-1 overexpression on cell proliferation and neuronal differentia-
tion by determining the relative percentage of neuronal differentiat-
ed cells across all 3 conditions. The proportion of KI-67+/NESTIN+
(double-positive) cells in BI-1-overexpressing cultures (67.75%/
15.79 MFI; mean ﬂuorescence intensity) was markedly higher than
that in control (30.58%/11.47 MFI) or BI-1ΔC-overexpressing (30.29%/
11.28 MFI) cultures at 4 days after LIF withdrawal (Fig. 4D). Next, we
introduced shRNA against Bi-1 into control mES cells and quantiﬁed
cell proliferation and expression of neuronal differentiation marker
(Nestin and Tuj-1). Bi-1 shRNA-introduced mES cells displayed a lower
level of cell proliferation (Supplementary Fig. S2) and neuronal marker
Fig. 3. Overexpression of BI-1 prevents apoptosis during differentiation of mES cells. (A) Flow cytometry analysis of cells at different time periods following LIF withdrawal. At
4 days after LIF withdrawal, the percentage of sub G1 events for control or BI-1ΔC mES cells was signiﬁcantly increased compared with BI-1 mES cells. Data are represented as
the mean±S.E.M. from at least three independent experiments. *Pb0.01 compared with the corresponding control values. (B) Phase-contrast micrographs of mES cell lines cultured
in the presence or absence of LIF for 4 days. Annexin V/PI staining analysis of apoptotic cells on day 4. The scale bar represents 500 μm (upper panel) or 200 μm (lower panel).
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supporting the possible function of endogenous Bi-1.
These results indicate that BI-1 may play a role in controlling cell
proliferation and survival of mES-derived early differentiating cells
and in allowing preferential differentiation toward neuronal lineages
in response to LIF withdrawal.
3.3. BI-1 suppresses apoptosis of early differentiating lineages via the
MAPK pathway
To further investigate the molecular mechanism of the effect of BI-1
overexpression, we examined the expressions of BCL-2 and BAX, activi-
ties of three classes of MAPKs, and cleavage of CASPASE-3 in mES cells
cultured in the absence or presence of LIF. Similar with the previous re-
ports [7,14], we could detect an apparent increase in BCL-2 expression
upon LIF withdrawal (Fig. 5A). Compared to the control and BI-1
ΔC-overexpressing mES cells, however, there was no signiﬁcant differ-
ence in BCL-2 or BAX expression in BI-1-overexpressing mES cells.Importantly, after LIF withdrawal, there was a marked reduction in
both p38 activation and CASPASE-3 cleavage in BI-1-overexpressing
cells compared to the control and BI-1ΔC-overexpressing mES cells.
Moreover, levels of phosphorylated JNK and ERK were signiﬁcantly in-
creased by BI-1 overexpression, suggesting that the ability of BI-1 to pro-
mote survival of early differentiating cells may be dependent on
differential regulation of the MAPK signaling pathways (Fig. 5A).
Next, we investigated whether the pro-neuronal differentiation effect
of BI-1was relatedwith ERKorp38 activity at 4 days after LIFwithdrawal.
In the presence of PD98059 (MEK/ERK inhibitor), a signiﬁcant decrease in
ERK phosphorylation was observed even in BI-1-overexpressing cells,
but the activity of p38 was not altered and the down-regulation of
p38 by BI-1 was not affected by the MEK/ERK inhibition (Fig. 5B). Our
results also showed that the anti-apoptotic effect of BI-1 was not
changed even under the suppression of the MEK/ERK pathway while,
as expected, apoptosis was reduced in the presence of SB202190
(Fig. 5C). Moreover, early neuronal differentiation of the BI-1
overexpressing cells was signiﬁcantly decreased in the presence of
Fig. 4. Characterization of the neuronal differentiated BI-1-overexpressing mES cells. (A) At 4 days after LIF withdrawal, quantitative real-time PCR analyses of differentiation markers for the 3 germ layers (endoderm: α-Fetoprotein (Afp),
Cdx2; mesoderm: Brachyury, Bmp4; ectoderm: Nestin, Tuj-1). Total RNA was extracted from the BI-1, BI-1ΔC, and control mES cells that underwent spontaneous differentiation without LIF, and quantitative real-time PCR was performed. Data
are presented as mean±S.E.M. from at least three independent experiments. *Pb0.01 compared with the corresponding control values. (B) At 4 days after LIF withdrawal, immunocytochemistry of established mES cell lines (BI-1, BI-1ΔC,
and control) using markers for the 3 germ layers (endoderm: AFP; mesoderm: BRACHYURY; and ectoderm: NESTIN). (C) Expression levels of neuroectodermal markers in neuronal differentiated mES cells in control and BI-1- or BI-1
ΔC-overexpressing cells. Data are presented as mean±S.E.M. from at least three independent experiments. *Pb0.01 compared with the corresponding control values. (D) FACS analysis indicating the percentages of double-positive
















Fig. 5.BI-1 regulatesMAPKsduringdifferentiation. (A) Total cell lysates frommEScells grown in the continuous presenceof LIF or in the absence of LIF for the indicated timeperiods indayswere
analyzed by western blot with the antibodies as indicated: phospho-p38, total-p38, phospho-ERK, total-ERK, phospho-JNK, total-JNK, BCL-2, BAX, and CASPASE-3. (B) Inhibition of MEK/ERK
phosphorylation in BI-1mES cellswas performed by adding theMEK inhibitor, PD98059 (10 μM). Phosphorylated ERK, total ERK, phosphorylated p38, and p38were detected bywestern blot-
ting. (C) At 4 days after LIFwithdrawal, the sub-G1 contents of PD98059 or SB202190 (20 μM)-treatedmES cellswere analyzed byﬂow cytometry. Data are presented asmean±S.E.M. from at
least three independent experiments. *Pb0.01 comparedwith the corresponding control values. (D)At 4 days after LIFwithdrawal, gene expression levels of neuronalmarkers,Nestin and Tuj-1,
were measured by quantitative real-time PCR in mES cells treated with or without kinase inhibitors (10 μMPD98059 or 20 μM SB202190). Data are represented as the mean±S.E.M. from at
least three independent experiments. *Pb0.01 compared with the corresponding control values.
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(Fig. 5D), demonstrating the importance of BI-1-mediated MEK/ERK
pathway regulation in controlling early neuronal differentiation.
3.4. Proportion of neuronal differentiation in mouse ES cell lines with
overexpression of BI-1
As BI-1 altered the expression of early neuronal markers, Neuro-
ectoderm and Nestin, during spontaneous differentiation from
undifferentiatedmES cells, we examined the effect of BI-1 overexpression
on the extent of mature neuronal differentiation. To achieve differentia-
tion into mature neurons, we developed an optimized stepwise differen-
tiation protocol, based on several different differentiation methods
[23,24]. After differentiation, we evaluated cell proliferation and mature
neuronal differentiation efﬁciency by double immunostaining and FACS
analysis for TUJ-1 and the proliferation marker KI-67. We observed that
the TUJ-1 positive cells in the BI-1 overexpressing cultures were signiﬁ-
cantly increased compared with that in the control or BI-1 ΔC-
overexpressing cultures. Moreover, the proportion of KI-67+/TUJ-1+
(double-positive) cells in BI-1-overexpressing cultures (66.25%/40.83MFI) was markedly higher than that in the control (35.69%/25.57 MFI)
or BI-1ΔC-overexpressing (32.2%/26.7 MFI) cultures (Fig. 6B). Next, in
order to investigate neuronal maturity at the gene expression level,
we performed real-time PCR. Expression levels of doublecortin (Dcx, a
migrating neuron marker), Map2 (a mature neuron marker), and
Tuj-1 (a neuronal extension marker) were increased in neuronal differ-
entiated BI-1-overexpressing cells, compared to that of control or BI-1
ΔC-overexpressing cells (Fig. 7A). Further analysis indicated that cho-
line acetyltransferase (Chat), tyrosine hydroxylase (Th), and dopa de-
carboxylase (Ddc) transcripts, all of which are neurotransmitter-
relatedmarkers [27–29], were also increased in neuronal differentiated
BI-1-overexpressing cells (Fig. 7A). To investigate whether protein
expression of mature neuronal differentiation markers changed in con-
junctionwith BI-1 overexpression,we performed immunocytochemical
analysis using antibodies against TUJ-1, MAP2, HOXB4, HB9, and CHAT.
Expression of all markers signiﬁcantly increased in neuronal differenti-
ated BI-1-overexpressing cells, compared to that of control or BI-1
ΔC-overexpressing cells (Fig. 7B), clearly demonstrating that BI-1
overexpression led to induction of neuronal differentiation. Considering
these ﬁndings collectively, our data strongly suggest that BI-1
Fig. 6. BI-1 overexpression enhanced proliferation which led to increased numbers of newly generated neurons in vitro. (A) Representative images depicting in vitro neuronal
differentiation were provided to show the relative numbers of TUJ-1+ and KI-67+ cells in control, BI-1-overexpressing, and BI-1ΔC-overexpressing cells. Nuclei were stained
with DAPI. The scale bar represents 100 μm. (B) Flow cytometry analysis of the neuronal differentiated cells showed the presence of double-positive (KI-67+/TUJ-1+) cells.
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the resultant increase of the proportion of mature neurons after neuro-
nal differentiation.
4. Discussion
Amajorﬁndingof this studywas that BI-1may regulate both neuronal
differentiation and proliferation via differential modulation of MAPK
pathways. While several previous studies have indicated that BI-1 may
possess anti-apoptotic functions [15,30], the possibility that BI-1 partici-
pates in ES cell differentiation has not been explored. In the present
study, we suggest that BI-1 can not only decrease apoptosis through sup-
pression of p38 activation but also increase neuronal differentiation via
ERK and JNK activation. We initially examined the effect of BI-1
overexpression on the pluripotency of mES cells. While levels of AP activ-
ity and expression of pluripotency genes were similar for the control and
BI-1-overexpressing mES cells (Fig. 2), overexpression of BI-1 increased
survival and proliferation during differentiation of mES cells in the ab-
sence of LIF (Figs. 3 and4D). These results suggest that BI-1 promotes pro-
liferation and differentiation toward the neuroectodermal lineage (Fig. 4).
Previous studies have shown that LIF starvation results in progres-
sive mES cell differentiation and apoptosis of a proportion of differenti-
ated mES cells [31]. Several reports have implicated involvement of
MAPK activation in resistance to spontaneous apoptosis of differentiat-
ingmES cells following LIFwithdrawal [32,33].While a high level of ERK
activity is found inmES cells stimulated to undergo differentiation [34],suppression of the ERK signaling pathway promotes self-renewal of
mES cells. Similarly, reduced neuronal differentiation was observed in
JNK-deﬁcient ES cells [21]. Although no speciﬁc role has been assigned
to p38 in undifferentiated ES cells, p38 activation is known to be in-
volved in early apoptosis of a proportion of differentiating ES cells
[14,31]. Activation of p38 also occurs during neuronal apoptosis follow-
ing nerve growth factor withdrawal, and insulin-dependent cell surviv-
al is linked to repression of p38 [35,36]. In this study, we demonstrated
that BI-1 modulates the apoptotic signaling pathway in response to LIF
withdrawal via differential regulation of MAPK activation. While BI-1
overexpression inhibited CASPASE-3 cleavage and p38 activation, the
activities of ERK and JNK were enhanced following LIF withdrawal.
The role of the MAPK pathway in LIF-withdrawal-induced apoptosis
and neural differentiation of mES cells was conﬁrmed via the use of
the MEK inhibitor PD98059 at 4 days after LIF withdrawal. Inhibition
of ERK was concomitant with a reduction in the expression of neuronal
markers (Nestin and Tuj-1), but it did not affect apoptosis (Figs. 4 and 5).
Therefore, it is possible that the requirement of BI-1-mediated p38
inactivation and ERK activation for cellular differentiation is a
neuron-speciﬁc feature. In addition, BI-1 expression causes an in-
crease in the number of proliferating cells differentiating toward
the mature neuronal lineage, as determined by analysis of KI-67
and TUJ-1 expressions [37]. This effect suggests that BI-1 activity
may correlate with an increase inmature neurons, aswell aswith an in-
crease in the number of cells expressing both proliferation and neuronal
differentiation markers (TUJ-1, MAP2, DCX, TH, DDC, HOXB4, HB9, and
Fig. 7. BI-1 overexpression led to the resultant increase of the proportion of mature neurons toward neuronal differentiation. (A) Expression levels of neuron markers in neuronal
differentiated mES cells that were either control, BI-1-, or BI-1ΔC-overexpressing cells. Twenty days after neuronal differentiation, total RNA was extracted from the neuronal dif-
ferentiated cells and real-time PCR was performed. Data are presented as mean±S.E.M. from at least three independent experiments. *Pb0.01 compared with the corresponding
control values. (B) Characterization of neuronal differentiated mES cells by immunoﬂuorescence on day 20. Control, BI-1-, and BI-1ΔC-overexpressing mES cells were stained using
speciﬁc antibodies against the markers TUJ-1, MAP2, HOXB4, HB9, and CHAT. Nuclei were stained with DAPI. The scale bar represents 100 μm. A large number of cells showing ma-
ture neuronal morphology were detected in BI-1-overexpressing mES cells.
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inmechanisms that promote neuronal progenitor precursor cell growth
and coordinate proliferation and neuronal differentiation.
In summary, our data demonstrate that BI-1 overexpression pro-
motes neuronal differentiation of mES cells in response to LIF with-
drawal, which is mediated by differential modulation of the MAPK
pathways, indicating that BI-1 may be a potential molecular target
to regulate the proliferation and neuronal differentiation of mES cells.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2012.08.005.
Acknowledgements
This work was supported by a grant from the Korea Health 21 R&D
Project, Ministry for Health, Welfare and Family Affairs, Republic of
Korea (A08-4065), by a National Research Foundation (NRF) grant
funded by the Korean government (MEST) (no. 2010-0020348), and
by the Korea Student Aid Foundation (KOSAF) grant funded by the
KoreanGovernment (MEST) (no. S2-2008-000-02358-1).We acknowl-
edge a graduate fellowship provided by the Ministry of Education and
Human Resources Development through the Brain Korea 21 project,
Republic of Korea.
References
[1] J.A. Thomson, J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel, V.S.
Marshall, J.M. Jones, Embryonic stem cell lines derived from human blastocysts,
Science 282 (1998) 1145–1147.
[2] P.D. Rathjen, J. Lake, L.M. Whyatt, M.D. Bettess, J. Rathjen, Properties and uses of
embryonic stem cells: prospects for application to human biology and gene ther-
apy, Reprod. Fertil. Dev. 10 (1998) 31–47.
[3] A. Nagy, E. Gocza, E.M. Diaz, V.R. Prideaux, E. Ivanyi, M. Markkula, J. Rossant, Em-
bryonic stem cells alone are able to support fetal development in the mouse, De-
velopment 110 (1990) 815–821.
[4] S. Okabe, K. Forsberg-Nilsson, A.C. Spiro, M. Segal, R.D. McKay, Development of
neuronal precursor cells and functional postmitotic neurons from embryonic
stem cells in vitro, Mech. Dev. 59 (1996) 89–102.
[5] K. Guan, H. Chang, A. Rolletschek, A.M. Wobus, Embryonic stem cell-derived
neurogenesis. Retinoic acid induction and lineage selection of neuronal cells,
Cell Tissue Res. 305 (2001) 171–176.
[6] T. Nakayama, T. Momoki-Soga, K. Yamaguchi, N. Inoue, Efﬁcient production of
neural stem cells and neurons from embryonic stem cells, NeuroReport 15
(2004) 487–491.
[7] M. Trouillas, C. Saucourt, D. Duval, X. Gauthereau, C. Thibault, D. Dembele, O.
Feraud, J. Menager, M. Rallu, L. Pradier, H. Boeuf, Bcl2, a transcriptional target of
p38alpha, is critical for neuronal commitment of mouse embryonic stem cells,
Cell Death Differ. 15 (2008) 1450–1459.
[8] A.M. Wobus, Potential of embryonic stem cells, Mol. Aspects Med. 22 (2001)
149–164.
[9] A.M. Wobus, K.R. Boheler, Embryonic stem cells: prospects for developmental bi-
ology and cell therapy, Physiol. Rev. 85 (2005) 635–678.
[10] M. Aouadi, F. Bost, L. Caron, K. Laurent, Y. Le Marchand Brustel, B. Binetruy, p38
mitogen-activated protein kinase activity commits embryonic stem cells to either
neurogenesis or cardiomyogenesis, Stem Cells 24 (2006) 1399–1406.
[11] W. Zhang, H.T. Liu, MAPK signal pathways in the regulation of cell proliferation in
mammalian cells, Cell Res. 12 (2002) 9–18.
[12] Z. Li, M.H. Theus, L. Wei, Role of ERK 1/2 signaling in neuronal differentiation of
cultured embryonic stem cells, Dev. Growth Differ. 48 (2006) 513–523.
[13] Q.L. Ying, A.G. Smith, Deﬁned conditions for neural commitment and differentia-
tion, Methods Enzymol. 365 (2003) 327–341.
[14] D. Duval, M. Malaise, B. Reinhardt, C. Kedinger, H. Boeuf, A p38 inhibitor allows to
dissociate differentiation and apoptotic processes triggered upon LIF withdrawal
in mouse embryonic stem cells, Cell Death Differ. 11 (2004) 331–341.[15] Q. Xu, J.C. Reed, Bax inhibitor-1, a mammalian apoptosis suppressor identiﬁed by
functional screening in yeast, Mol. Cell 1 (1998) 337–346.
[16] G.H. Lee, H.K. Kim, S.W. Chae, D.S. Kim, K.C. Ha, M. Cuddy, C. Kress, J.C. Reed, H.R.
Kim, H.J. Chae, Bax inhibitor-1 regulates endoplasmic reticulum stress-associated
reactive oxygen species and heme oxygenase-1 expression, J. Biol. Chem. 282
(2007) 21618–21628.
[17] H.R. Kim, G.H. Lee, K.C. Ha, T. Ahn, J.Y. Moon, B.J. Lee, S.G. Cho, S. Kim, Y.R. Seo, Y.J.
Shin, S.W. Chae, J.C. Reed, H.J. Chae, Bax inhibitor-1 is a pH-dependent regulator
of Ca2+ channel activity in the endoplasmic reticulum, J. Biol. Chem. 283
(2008) 15946–15955.
[18] T. Ahn, C.H. Yun, H.R. Kim, H.J. Chae, Cardiolipin, phosphatidylserine, and BH4 do-
main of Bcl-2 family regulate Ca2+/H+ antiporter activity of human Bax
inhibitor-1, Cell Calcium 47 (2010) 387–396.
[19] K.S. Robinson, A. Clements, A.C. Williams, C.N. Berger, G. Frankel, Bax inhibitor 1
in apoptosis and disease, Oncogene 30 (2011) 2391–2400.
[20] H.J. Chae, N. Ke, H.R. Kim, S. Chen, A. Godzik, M. Dickman, J.C. Reed, Evolutionarily
conserved cytoprotection provided by Bax Inhibitor-1 homologs from animals,
plants, and yeast, Gene 323 (2003) 101–113.
[21] P. Xu, K. Yoshioka, D. Yoshimura, Y. Tominaga, T. Nishioka, M. Ito, Y. Nakabeppu, In
vitro development of mouse embryonic stem cells lacking JNK/stress-activated pro-
tein kinase-associated protein 1 (JSAP1) scaffold protein revealed its requirement
during early embryonic neurogenesis, J. Biol. Chem. 278 (2003) 48422–48433.
[22] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) method, Methods 25
(2001) 402–408.
[23] B.Y. Hu, J.P. Weick, J. Yu, L.X. Ma, X.Q. Zhang, J.A. Thomson, S.C. Zhang, Neural
differentiation of human induced pluripotent stem cells follows developmental
principles but with variable potency, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
4335–4340.
[24] T. Wada, M. Honda, I. Minami, N. Tooi, Y. Amagai, N. Nakatsuji, K. Aiba, Highly ef-
ﬁcient differentiation and enrichment of spinal motor neurons derived from
human and monkey embryonic stem cells, PLoS One 4 (2009) e6722.
[25] J. Dahlstrand, M. Lardelli, U. Lendahl, Nestin mRNA expression correlates with the
central nervous system progenitor cell state in many, but not all, regions of devel-
oping central nervous system, Brain Res. Dev. Brain Res. 84 (1995) 109–129.
[26] M. Nakafuku, S. Nakamura, Establishment and characterization of a multipoten-
tial neural cell line that can conditionally generate neurons, astrocytes, and oligo-
dendrocytes in vitro, J. Neurosci. Res. 41 (1995) 153–168.
[27] R. Aramant, M. Seiler, B. Ehinger, A. Bergstrom, A.R. Adolph, J.E. Turner, Neuronal
markers in rat retinal grafts, Brain Res. Dev. Brain Res. 53 (1990) 47–61.
[28] Y. Tashiro, J.M. Drake, S. Chakrabortty, T. Hattori, Functional injury of cholinergic,
GABAergic and dopaminergic systems in the basal ganglia of adult rat with
kaolin-induced hydrocephalus, Brain Res. 770 (1997) 45–52.
[29] K.J. Maloney, L. Mainville, B.E. Jones, Differential c-Fos expression in choliner-
gic, monoaminergic, and GABAergic cell groups of the pontomesencephalic teg-
mentum after paradoxical sleep deprivation and recovery, J. Neurosci. 19
(1999) 3057–3072.
[30] N. Watanabe, E. Lam, Bax inhibitor-1, a conserved cell death suppressor, is a key
molecular switch downstream from a variety of biotic and abiotic stress signals in
plants, Int. J. Mol. Sci. 10 (2009) 3149–3167.
[31] D. Duval, B. Reinhardt, C. Kedinger, H. Boeuf, Role of suppressors of cytokine sig-
naling (Socs) in leukemia inhibitory factor (LIF)-dependent embryonic stem cell
survival, FASEB J. 14 (2000) 1577–1584.
[32] S. Nagata, H. Nagase, K. Kawane, N. Mukae, H. Fukuyama, Degradation of chromo-
somal DNA during apoptosis, Cell Death Differ. 10 (2003) 108–116.
[33] D. Duval, M. Trouillas, C. Thibault, D. Dembele, F. Diemunsch, B. Reinhardt, A.L.
Mertz, A. Dierich, H. Boeuf, Apoptosis and differentiation commitment: novel in-
sights revealed by gene proﬁling studies in mouse embryonic stem cells, Cell
Death Differ. 13 (2006) 564–575.
[34] B. Binetruy, L. Heasley, F. Bost, L. Caron, M. Aouadi, Concise review: regulation of
embryonic stem cell lineage commitment by mitogen-activated protein kinases,
Stem Cells 25 (2007) 1090–1095.
[35] J.M. Kyriakis, J. Avruch, Mammalian mitogen-activated protein kinase signal trans-
duction pathways activated by stress and inﬂammation, Physiol. Rev. 81 (2001)
807–869.
[36] S. Torii, T. Yamamoto, Y. Tsuchiya, E. Nishida, ERK MAP kinase in G cell cycle pro-
gression and cancer, Cancer Sci. 97 (2006) 697–702.
[37] F.M. Theriault, H.N. Nuthall, Z. Dong, R. Lo, F. Barnabe-Heider, F.D. Miller, S.
Stifani, Role for Runx1 in the proliferation and neuronal differentiation of se-
lected progenitor cells in the mammalian nervous system, J. Neurosci. 25
(2005) 2050–2061.
